"fifth force" in nature.
#3. There is no credible experimental evidence for a new force, with the characteristics presented by FSSTA.
Since the preceding three statements appear to be mutually contradictory, it is certain that interest in the EPF experiment will endure until such time that we resolve this paradox with some combination of new theory and additional experiments. In what follows I elaborate on the above observations in the hope of pointing to some possible resolutions of the apparent paradox arising from the incompatibilities among observations #1-#3.
We begin with an elaboration on point #1, the correctness of the EPF experiment. As noted above, following the FSSTA publication many efforts were undertaken to attribute the EPF data to conventional systematic influences, such as temperature gradients. The extensive discussion of these hypotheses is summarized in the book The Search for Non-Newtonian Gravity by C.L. Talmadge and myself (the FT-book) [3] . Not surprisingly, none of these has succeeded to date: This is because the EPF data on the acceleration differences of various pairs of samples correlate with a non-classical characteristic of the samples, namely their baryonic charge-to-mass ratios B/µ, where the mass of an object is measured in proportion to the mass of the hydrogen atom µ = m/m H . In the previous equation m H = m( 1 H 1 ) = 1.00782519(8)u is the mass of hydrogen, and u is the spectroscopic mass unit. The concept of baryon number (the number of protons and neutrons) did not arise until the discovery of the neutron by Chadwick in 1932, many years after the completion of the EPF experiment in 1908, and its publication in 1922. The related concept of baryonic charge, for which a conservation law has been established by Eugene Wigner in 1949, is clearly a quantum property.
A dramatic example of the non-classical nature of the influence responsible for the EPF data is the comparison of their measured values of the acceleration of platinum and copper-sulfate crystals (CuSO 4 ·5H 2 O): These two substances differ in every known physical property (density, electrical, conductivity, thermal conductivity, etc.). Yet, remarkably, they have very nearly the same values of the non-classical property B/µ, and from the EPF data we can infer that, in fact, they have the same accelerations to the Earth as one finds from the FT-book.
Additional support for the EPF results comes from a recently discovered hand-written draft (autograph) by Eötvös himself of what would eventually become the published 1922 paper. (A new translation of the EPF paper incorporating the Eötvös autograph will be published as part of the Eötvös centenary celebration.) One of the questions that has surrounded the EPF paper since its publication has been why their results were not published shortly after the completion of their experiment in 1908. This question becomes even more relevant in the light of Eötvös' observation in the autograph that the sensitivity of his experiment is more than 300 times greater than that of an earlier experiment of Bessel. In modern times, an improvement in the determination of any quantity by a factor of 300 would surely lead to immediate publication. A possible answer to this question may be contained in the data themselves, particularly the measured fractional acceleration difference (∆κ in the EPF notation) of copper and water: ∆κ(water − copper) = −(0.010 ± 0.002) × 10 −6 .
Since this represents a 5-standard deviation (5σ) from the expected null result, we can assume that Eötvös' delay in submitting these results for publication may have been motivated by his desire to redo his experiment, as is suggested by the Introduction to the published paper. The meaning of this statement is that the probability that this difference has occured by mere chance is 1 to 3.5 million. By curiosity one notes that nowadays in subnuclear physics the so-called discovery threshold is just the quintuple of the standard deviation. This means that an effect is recognized as real, not due to statistical fluctuations when its measured value deviates from the value based on the generally accepted interpretation by more than 5 times the range of standard fluctuations.
Other examples of the great care that Eötvös exercised in carrying out his famous experiment are discussed in the FSSTA paper and the FT-book. Based on these references and the preceding discussion I believe that it is safe to assume that the Eötvös experiment, as described in the 1922 paper and the newly discovered autograph, was in fact done correctly. Thus a resolution of the incompatibility of observations #1, #2, and #3 above must depend somehow on #2 and #3.
We turn next observation #2 dealing with the correctness of the FSSTA analysis which led to the suggestion of a "fifth force." Motivated by various hints of possible deviations from the predictions of Newtonian gravity, it was suggested that there existed in nature an additional long-range interaction between any two objects i and j which was proportional to their respective baryon numbers B i and B j . Given that B = N + Z, where N and Z are, respectively, the numbers of neutrons and protons in each object, B is approximately proportional to the mass M of any object, since the magnitude of M is dominated by its number of neutrons and protons. It follows that such an interaction would behave in some ways as an additional contribution to gravity, except for presumably small deviations which would reflect differences in the actual chemical compositions of the interacting samples. To give this interaction a concrete mathematical expression it was proposed that the potential energy of interaction [V 5 ] ij for the new interaction between the objects i and j had the form of a modified Newtonian interaction given by
Here f is a coupling constant, defining the strength of the new interaction, and Y = B + S is the hypercharge quantum number, which allows V 5 (r) to also describe possible new interactions of K-mesons for which B = 0 but has "strangeness" S = 0. (K-mesons or kaons are elementary particles discovered in the second half of 1940's and turned out to be the first elementary particles possessing the quantum property of strangeness. Anomalies observed in experiments involving K-mesons partially motivated FSSTA for the reanalysis of the EPF experiment.) The characteristic length λ =h/m Y c accommodates the possibility that the hypothesized interaction could have a finite range (λ < ∞) if the quantum ("hyperphoton") mediating the hypercharge interaction (analogous to the photon) had a nonzero mass.
Since ordinary matter has S = 0 and always interacts gravitationally, it is straightforward to show that the combination of the Newtonian gravitational potential V N (r) = −Gm i m j /r and the potential V 5 characterizing the new force leads to a total interaction potential V (r) having the form
The gravitational acceleration of the object j in the force field of the Earth (object i) follows from the above equations. The acceleration difference of two samples of j and j ′ in the gravitational field of the Earth is proportional to
A tabulation of B/µ values for the first 92 elements in the periodic table is presented in Table 2 .1 of the FT-book. One finds that all B/µ values are close to 1, but differ from unity at the parts per mille level. Remarkably, the theory which follows the simple equations above correctly describes the EPF data for the acceleration differences of pairs of samples j ′ − j measured in their experiment. As FSSTA have shown, this theory implies that the measured fractional acceleration differences (∆κ) jj ′ in the EPF notation should be given by
where a is a constant which is determined in part by the strength of the new interaction represented by the square of the constant f through the proportionality factor ξ. In a pure Newtonian world a = 0 should hold for any pair jj ′ of samples. This represents the statement that the accelerations of all objects in the same gravitational field should be identical, what is now generally referred to as the Weak Equivalence Principle. However, the fit to the EPF data (see Fig. 1 the FSSTA-paper) gives a = (5.65 ± 0.71) × 10 −6 , which is a surprising nonzero 8σ effect. The computations leading to this value of a have been described and checked in great detail elsewhere in the FT-book and the publications quoted in it, and hence are very likely correct given that the compositions of the EPF samples are well known. These include water, copper, platinum, copper sulfate crystals, a copper sulfate solution, and magnalium (a magnesiumaluminum alloy). Although snakewood (Schlangenholz) is a relatively exotic wood, the authors of another FSSTA paper published in 1988 were able to obtain a sample, which was subjected to chemical analysis, from which its B/µ value was obtained. The composition of the remaining sample, talg (fat, suet, . . . ) is somewhat uncertain, and was estimated by the authors of FSSTA-papers. Whether or not this point is included does not significantly affect the EPF (quasi-linear) correlation between ∆κ and ∆(B/µ) as appears in the equation above.
Summarizing to this point, it appears very likely that the EPF experiment was done correctly (observation #1), and that the analysis of the EPF data as presented in the first FSSTA paper is also correct (observation #2). This leads us next to a discussion of observation #3, that there is no experimental support for the existence of a fifth force giving rise to the deviations from the predictions of Newtonian gravity implied by #1 and #2.
We begin by noting that V 5 (r) suggests two broad classes of tests of Newtonian gravity: (a) composition-dependent tests such as EPF, and (b) composition-independent tests which search for an additional r-dependence such as might arise from exp(−r/λ) or some similar factor. Even before the publication of the FSSTA-paper, composition-independent tests (also called searches for deviations from the inverse-square-law of gravity) were carried out by a number of authors. In the post-1986 era many more such tests were carried out over various distance scales. (A detailed compilation of both composition-independent and composition-dependent tests for new interactions and related theoretical papers through 1992 can be found in a paper published by Fischbach and collaborators in a journal specialized in metrology [4] . To date the most extensive tests for composition-dependent deviations from Newtonian gravity have been carried out by Adelberger, et al. (the Eöt-Wash Collaboration, working in Seattle at the University of Washington), whose careful experiments have set stringent limits on possible deviations from Newtonian gravity over a range of distance scales. With the exception of the "floating ball" experiment of Peter Thieberger no credible experiment carried out to date has reported a deviation from the predictions of Newtonian gravity in either composition-dependent or compositionindependent experiments.
Having reviewed the support for our opening observations #1, #2, and #3, we find that they are in fact strongly supported by a variety of experimental and theoretical results, and hence remain mutually contradictory at present.
Confronted with this impasse we may now be forced to rethink some of the subtle assumptions that have been made in arriving to this point. Here I propose that we begin by reconsidering our reanalysis of the EPF experiment described in FSSTA. Our starting point is based on a 1955 paper by T.D. Lee and C.N. Yang who first raised the question of whether conservation of baryon number would lead to the existence of a long-range field in analogy to electromagnetism. Although that paper led naturally to the formalism of FSSTA as an explanation of the EPF data, it appears likely that almost any interaction or mechanism whose influence on the EPF samples is proportional to baryon number B could account for the EPF results. As an example, a "baryonic neutrino" (i.e., a new particle which interacts extremely weakly with baryons) component of dark matter might work, but its effects could require experiments that are different from those that have been carried out to date.
Another, perhaps more speculative, approach to understanding the EPF data is to return to the Guyòt experiment described in FT-book (p. 126) which was the precursor to the EPF experiment. In the Guyòt experiment a pendant suspended over a pool of mercury was used to search for a difference between g (mercury) and g (pendant) where g is the local acceleration of gravity. As noted in FT-book, the Guyòt experiment is a direct test of the equality of the gravitational and inertial masses of the pendant and, as such depends on the Earth's rotation. By implication so does the EPF experiment, as is also abundantly clear from EPF. Although the Earth's rotation is clearly an influence in modern torsion balance experiments, these experiments could still produce meaningful results if the Earth stopped rotating, whereas the Guyòt and EPF experiments would then be meaningless. Naturally this distinction between the Guyòt/EPF experiments and the modern torsion balance experiments raises the question of whether the striking EPF data arise in some way from a coupling to B which is "activated" or "catalyzed" by the Earth's rotation.
I conclude with a suggestion I have made previously to the effect that there may be a feature of the EPF experiment which, would explain everything, but which we are ignoring because it is "hiding in plain sight" (quoted from the book of Franklin and Fischbach [5] ). Could it be there is some characteristic of the location of the EPF experiment that we are ignoring? At the other end of the distance scale, suppose that the source of baryon number, which the EPF experiment appears to call for, is not some local feature of the Earth but is cosmological in origin. Perhaps if we then combined the puzzle of the EPF experiment with other puzzles arising from neutrino physics, dark matter and dark energy, etc., a grand unified scheme might emerge. It thus appears that however the paradox raised by EPF results is eventually understood, interest in that experiment will endure into the future. I am deeply indebted to my colleagues Virgil Barnes, Gabor David, Dennis Krause, Andrew Longman, and Michael Mueterthies for many helpful conversations relating to the EPF experiment.
